Mutants of Streptococcus mutans were isolated which lack the enzyme activity L(+)-lactate dehydrogenase. Reversion studies indicate that the genetic defects are in the structural gene for the enzyme. The mutants produce less titratable acid from glucose, adhere better to hydroxyapatite, and accumulate more plaque when grown in the presence of sucrose than does the parent strain.These findings suggest a possible use for the mutants as effector strains in the replacement therapy of dental caries.
In recent years, considerable success has been achieved in preventing and controlling certain bacterial infections by purposefully colonizing susceptible host tissues with nonvirulent analogs of disease-causing microorganisms (6, 27) . The basis of this phenomenon, termed bacterial interference, is in no single case completely understood, but in general terms appears to involve a competitive and/or antibiotic action of the nonvirulent so-called effector strain on its pathogenic counterpart (26) . Bacterial infections in general should be amenable to control by this approach, the only prerequisites being that the particular pathogen involved be identified and that a competitive, nonvirulent analog be isolated.
A large body of evidence has implicated Streptococcus mutans as a principal pathogen in dental caries of both rodents (9, 11, 15, 32) and humans (7, 16, 19) . The characterisitc features of this organism which likely account for its cariogenic potential include its ability to accumulate on teeth (12, 22) and to produce, via fermentative processes, large amounts of lactic acid (8, 14, 28) . In the course of our studies, we isolated certain mutant strains of S. mutans which appeared to make less acid than the normal, wild-type strain, and which should therefore be less virulent. The metabolic defect in these strains has been shown to be a deficiency in the enzyme activity, L(+)-lactate dehydrogenase (LDH), which is responsible for lactic acid production by this bacterium (2, 4) . The present report describes the isolation and preliminary characterization of these mutants, emphasizing those phenotypic properties which may allow them to serve as effector strains in controlling the incidence and severity of dental caries.
MATERIALS AND METHODS
Organisms and media. Strain BHT-2 is a spontaneous streptomycin-resistant derivative of S. mutans BHT; it was isolated by the methods of Lederberg (18) , by using Trypticase soy agar containing 1 mg of streptomycin sulfate per ml as the selective medium. Glucose tetrazolium plates were prepared by the methods of Lederberg (17) was added to this sample and blended in a Vortex mixer before the addition of 0.01 ml of 20% (wt/vol) glucose. The fermentation was initiated by the addition of 1 ml of 20% glucose to the remaining 99 ml of cell suspension. The amount of titrant added was monitored at 1-min intervals, and at varying times 1-ml samples of the cell suspension were removed and added to vials containing 0.2 ml of 1.2 N H2SO4. Samples were stored frozen at -20°C until glucose concentrations could be determined (glucose oxidase method, Sigma Chemical Co., St. Louis, Mo.). Dry weights of the cell suspensions were measured as described by Carlsson (3) and were between 5.4 and 6.5 mg per ml.
Adsorption to hydroxyapatite. The affinity of strain BHT-2 and the mutants for untreated and saliva-treated hydroxyapatite was determined by the methods of Clark et al. (5) . Cultures 'Strains were subcultured 1:100 into Todd-Hewitt broth containing 1% glucose. After 48 h of incubation in candle jars at 37"C, the absorbance at 580 nm (OD5so) and pH of the cultures were determined. Lactic acid production and -glucose consumption was determined by gas-liquid chromatography (25) and glucose oxidase assays, respectively, of the culture liquors.
carried out at pH 4, 5, 6, and 7 as described in Materials and Methods. The reaction was allowed to proceed until the rate of base consumption reached a plateau. The amount of glucose consumed in order to reach plateau was about the same for both the parent and mutant at all pH values tested (Fig. 1) . However, the ratio of acid produced (measured as the amount of 1 N NaOH consumed) to glucose consumed differed significantly between the strains. At pH 6 and 7, the data obtained from BHT-2 approached the theoretical value of 2 for a homolactic fermentation. At pH 5, this value dropped somewhat, suggesting a (partial) shift to a less acidogenic pyruvate-degrading pathway. The values for the mutant decreased significantly with each successive decrease in pH and were ca. 80, 70, and 60% of the parental values at pH 7, 6, and 5, respectively. At pH 4.0 the reaction using the parental strain proceeded, but at a rate too slow for data to be obtained. At this pH the reaction using the mutant strain did not proceed, in agreement with the earlier finding (Table 2) that 4.8 was the terminal pH attained by a growing culture.
In contrast to the parent strain, JH140 showed a lag in glucose consumption and acid production, which became more pronounced as the pH of the fermentation reaction decreased (Fig. 1) . This finding correlates with a variably longer lag phase observed for the mutant compared to the parent when subculturing in glucose-containing broth.
Genetic studies. The nature of the genetic lesions in both groups of mutants were analyzed by reversion studies. After ethyl methane sulfonate mutagenesis, cultures of JH137 and -140 were grown overnight at 30°C in Todd-Hewitt broth containing 0.5% glucose as described in Materials and Methods. Appropriately diluted samples of the cultures were spread on glucose tetrazolium plates, and after 3 days of incubation in candle jars at 30°C wild-type appearing colonies were picked from among the background of suspensions of BHT-2 and JH140 were incubated with 0.2% glucose at 370C as described in the text. The suspensions were maintained at the indicated pH by the addition of 1 N NaOH. At the indicated times, samples were removed to determine the amount ofglucose which had been consumed. red mutant colonies. After purification, single colonies were replica streaked onto glucose tetrazolium plates and incubated at 30 and 420C. The majority of the strains examined appeared to be wild type in producing small white colonies at both temperatures. However, several isolates were obtained from each group which showed a temperature-sensitive phenotype; i.e., they pro-VOL. 21, 1978 (Table 3 ). The differences became more apparent, being some twofold, when the hydroxyapatite was first treated for 24 h with clarified whole saliva.
Although similar quantitation has not been possible, both classes of mutants appeared to form more plaque on glass slides than did the parent when grown in the presence of excess sucrose. Figure 2 shows the plaque accumulated during a 24-h period by the parent, BHT-2, and a representative of each of the mutant groups. The differences are apparent.
DISCUSSION
Tetrazolium medium has been used in the past as a means of isolating mutants with altered ability to produce acid (17) . In the present study, among those mutant isolates of S. mutans BHT-2 which were able to reduce tetrazolium in the presence of glucose were five strains deficient in the enzyme activity, L(+)-LDH. (24) , including S. mutans (29) . At all of the pH values tested, the group 2 mutant, JH140, produced less acid than did its parent; and the extent of these differences increased as the pH of the fermentation decreased. Studies by Carlsson and co-workers (4, 30) and Brown and Patterson (1) clearly indicate that S. mutans possesses one or more pathways alternate to lactic acid production for the dissimilation of pyruvate. The other principal end products which have been observed are formate, ethanol, and acetate, all of which have been detected in glucose-containing broth cultures of JH140. In addition, there appears to be significant amounts of the neutral four-carbon compound acetylmethyl carbinol. The likelihood is currently being investigated that the observed variation in the amount of total acid produced from glucose by JH140 at different pH's reflects differences in the amounts of these end products.
For an organism to serve as an effector strain in the replacement therapy of a particular disease it must be both less virulent than and able to compete with its pathogenic counterpart. The higher terminal pH attained by the LDH-deficient mutants and their decreased ability to produce acid with decreasing environmental pH should, logically, make them less cariogenic than wild-type strains of S. mutans. Pilot studies using gnotobiotic and conventional rat models clearly support this notion. The increased abilities of the mutants to adhere to hydroxyapatite and accumulate plaque in vitro have not, as yet, been studied in detail. These findings, however, suggest that the mutants should compete favorably with wild-type strains in the oral cavity. Direct testing of this hypothesis is currently being conducted in animal models.
Reversion studies indicate that the observed phenotypes of the LDH-deficient mutants are due to single genetic lesions, probably point mutations, in the structural gene for LDH. Screening of over 100 biochemical and physiological properties using the rapid identification system of Newman et al. (23) revealed no differences between parent and mutants, further supporting the belief that we are dealing with a single gene defect. The finding that this defect lies within the structural gene for the enzyme suggests the likelihood that nonreverting deletion strains can be isolated which would be safe for use in replacement therapy.
